Objective: Higher intelligence quotient (IQ) correlates with lower systemic inflammation, consistent with an association between lower IQ and disease risk. The present study examined the role of repetitive thought (RT) in the relationship between IQ and interleukin (IL)-6. RT is thinking attentively, repeatedly, and frequently about oneself and one's world and is characterized by valence (positive-negative), purpose (searching-solving), and total quantity (much-little). Methods: Estimated IQ and RT dimension scores were assessed at baseline in a sample of older adults (N = 120, mean age = 74 years), who thereafter had blood drawn up to 10 times semiannually (n = 799). Models were adjusted for body mass index, chronological age, and statin medication. Results: Higher IQ was associated with lower IL-6 (γ = −0.225, SE = 0.111, p = .045). Of the RT dimensions, only more total RT predicted lower IL-6 (γ = −0.037, SE = 0.011, p = .001), an effect that was not moderated by valence or purpose. More total RT accounted for part of the effect of IQ on IL-6 (indirect effect = −0.06 [confidence interval = −0.14 to −0.002]). There was also a significant interaction between IQ and total RT (F(1,119) = 6.97, p = .009), in which more total RT was more strongly associated with lower IL-6 for people with lower IQ. Conclusions: Although some forms of RT such as worry may have negative health correlates for older adults, engaging in RT per se can be healthy insofar as it also encompasses planning, processing, and coping. Older adults with higher IQ were more likely to engage in RT, but those with average IQ benefitted the most with regard to a marker of systemic inflammation.
INTRODUCTION P
eople with better premorbid cognitive function enjoy a reduced risk of premature mortality, whether cognitive function is operationalized as childhood intelligence (see the meta-analytic review by Calvin et al. (1) ) or as results of brief cognitive testing in older adulthood (2) (3) (4) . Cognitive function predicts all-cause mortality and cause-specific deaths from cardiovascular disease, stroke, and infection as well as from dementia (2) . The relationship between cognitive function and all-cause mortality may be explained in part by its relationship to systemic inflammation. Inflammatory markers such as interleukin-6 (IL-6) and C-reactive protein (CRP) predict mortality from multiple causes (5) . Among young and midlife adults, better cognitive function associated with lower inflammatory markers including CRP, fibrinogen, and erythrocyte sedimentation rate (1, 6, 7) . Among older adults, better executive cognitive function and processing speed correlated with lower inflammatory markers including CRP and IL-6 (8) . The relationship between cognitive function and inflammation held true for childhood intelligent quotient (IQ) (1), suggesting that although inflammation may compromise brain health and cognitive function, cognitive function may also protect against development of systemic inflammation. Consistent with this causal direction, better presurgical cognitive function predicted less increase in IL-6 after surgery among coronary artery bypass patients (9) .
A number of potential mechanisms for cognitive function's effects on inflammation and health have been proposed (see the review by Deary et al. (10) ). Better cognitive function is associated with better health behavior and higher socioeconomic position and may also index better system integrity (i.e., general physiological makeup). However, statistical adjustment for these factors does not completely explain the relationship (7, 11 ). Another potential pathway and the focus of the present study is repetitive thought (RT). RT can be defined as thinking attentively, repeatedly, and frequently about oneself and one's world (12) . The construct encompasses discrete forms of RT (e.g., worry, planning, processing, reflection, rumination) and characterizes them along the following three orthogonal dimensions: valence (positive or negative content), purpose (searching, questioning, and uncertainty or solving, planning, and certainty), and total (high or low propensity for RT of all kinds).
In older adults, cognitive function correlated with RT dimension scores. Executive functions were specifically related to valence, and IQ was specifically related to more solving purpose and higher total RT. The finding for total indicates that people with higher IQ reported engaging in more RT regardless of valence or purpose (13) . Although some forms of RT have been linked to poorer health and higher risk biomarkers (e.g., worry (14) (15) (16) ), other forms may be beneficial (e.g., emotional processing (17) ). In addition, engaging in RT per se may have some benefits. Total RT was more highly correlated cross-sectionally with higher perceived stress (r = .52) than with higher depressive symptoms (r = .30) or lower psychological well-being (r = .16 (13) ). Thinking about stressors and feelings, even negative feelings, may have positive consequences: the total dimension of RT was also prospectively associated with higher perception of personal growth (18) . Among human immunodeficiency virus seropositive men, cognitive processing ("deliberate, effortful, or long-lasting thinking") after bereavement was associated with a greater likelihood of finding meaning and lower mortality risk (19, p. 980) . In general, thinking more about both the positive and negative aspects of oneself and one's world may promote a number of adaptive responses, including better self-understanding and more effective planning and coping with stress (20) , and provide another pathway from cognitive function to health.
The present study was based on a sample of older adults whose trait RT was characterized using the dimensional model and among whom IQ was correlated with more solving purpose and higher total RT (13) . A subset of this sample also had blood drawn every 6 months for up to 5 years after their psychological assessment. This subsample was used to test the hypothesis that IQ would be prospectively associated with lower IL-6. IL-6 levels increase with "normal" aging, but higher levels increase the risk for many diseases of older age, including osteoporosis, lymphoma, and "Alzheimer's disease (21, 22) ." Elevated IL-6 also increases risk of premature mortality among healthy older adults (5, 23) . IL-6 stimulates production of CRP, which is also considered a risk factor for morbidity (particularly cardiovascular) and mortality (5,23) but has been described as "a surrogate for interleukin-6 action" (22, p. 132) .
The relationship between IQ and IL-6 was then probed further by testing whether RT mediated this effect. People with higher IQ engaged in more solving purpose and more total RT, which accounted for part of the relationship between IQ and IL-6. Finally, a moderation model was tested to explore whether any relationship between RT and IL-6 was equal across levels of IQ. This model was motivated in particular by the question of whether engaging in more total RT would mainly benefit individuals with higher IQ or benefit people across a range of IQs.
METHODS

Participants
Participants were 120 community-dwelling older adults. The sample mean age was 74 years at enrollment (range = 60-93 years). All participants were married at enrollment, although only one member of the couple was enrolled to avoid dyadic dependency in the data. The sample was 42% male and 58% female, consistent with the sex ratio in older age. Most samples were white (96%), and the rest were African-American (4%). Median education was 16 years (range = 7-22), and median annual income was US $60,000 (range = US $12,000-$400,000). Exclusion criteria included diseases or disorders affecting the immune system, chemotherapy or radiation treatment within the past 5 years, unwillingness to undergo vaccination or venipuncture, immunomodulatory medications including opioids and steroids, and more than two of the following classes of medications: psychotropics, antihypertensives, hormone replacement, or thyroid supplements. No participants were cognitively impaired in baseline testing for verbal memory and executive cognitive functioning.
Procedure
Participants were recruited from a volunteer subject pool maintained by the Sanders-Brown Center on Aging at the University of Kentucky. All study materials and procedures were approved by the University of Kentucky Institutional Review Board. Prospective participants were contacted and screened by phone. Those who were interested and eligible gave informed consent, were enrolled, and completed questionnaire measures verbally with the assistance of a research assistant and response cards. Interviews occurred at 6-month intervals for 5 years (up to 10 waves) between November 2006 and April 2011. At each completed wave, participants received a US $20 gift card. After each interview visit, study nurses drew blood. Blood draws were scheduled for the morning to reduce extraneous variance from circadian rhythms in cytokines (24) . On average, participants had 6.7 available IL-6 data points (SD = 2.4, median = 7, range = 1-10). Of the 120 participants, 114 had valid IL-6 data at wave 1, 91 at wave 2, 107 at wave 3, 105 at wave 4, 86 at wave 5, 92 at wave 6, 70 at wave 7, 76 at wave 8, 30 at wave 9, and 28 at wave 10. Of the 1200 possible IL-6 data points, missing data were present because 61 people missed one or more blood draw appointments or had problems with blood withdrawal (98 personwaves missing), 30 people dropped out (152 person-waves missing), 12 people had extreme values that were dropped from analysis (see hereinafter; 12 person-waves missing), and 5 people died (24 personwaves missing). In addition, 54 people did not complete all 10 waves before the end of the study (115 person-waves missing). Overall, 799 waves of data were available for analysis.
Measures
IQ
An estimate of full-scale IQ was derived from the North American Adult Reading Test (25) , administered by an interviewer at baseline. Participants were asked to read a list of 61 irregularly spelled words. Each incorrectly pronounced word counted as one error. The estimated score has the same population distribution as other measures of IQ (M [SD] = 100 [15] ). Correlations between estimated IQ and results of IQ testing using a full battery (Wechsler Adult Intelligence Scale) were highest for verbal (r = .83) and full-scale IQ (r = .75), and lower for performance IQ (r = .40) (25) . In the absence of dementia, it is considered to estimate premorbid, crystallized intelligence rather than fluid intelligence. Therefore, this measure largely reflects cognitive capacity before any potential cognitive changes due to age or health in this sample.
Repetitive Thought
Before the present analysis, the structure of trait RT was established and calculation of dimension scores was performed on a larger sample (n = 179), of which the present sample (N = 120) is a majority subset (13) . At their first interview, participants were administered multiple RT measures assessing worry, intrusive thoughts, rumination, depressive rumination (symptom focus, self-analysis, and self-reproach), reflection, emotional processing, and savoring (reminiscing, savoring, and anticipation). Median item-total correlation for scale scores was .29, indicating individual differences in RT total. Scale scores were also subjected to multidimensional scaling, which replicated the valence and purpose dimensions previously identified in younger adults (12) . Dimension scores for each individual were then created by multiplying standardized scale scores by dimension weights. Dimension scores were stable over a 3-year follow-up (r = .52-.66 (18)).
Covariates
Three covariates were selected that could account for extraneous variance in IL-6 without overcontrolling or compromising statistical power (26, 27) : body mass index (BMI), age at study entry, and statin use. Height and weight (for BMI) were self-reported at the first interview; age was calculated as the difference in years between date of birth and the first interview date; and statin use was coded by a study nurse from prescription medication lists.
Including BMI in the models adjusted for differences in IL-6 due to adiposity. Although BMI is potentially related to IQ, preliminary evidence suggested that the relationship was modest (r = −.13) and therefore overcontrol was unlikely. One female participant was missing BMI, which was replaced with the sex-specific mean. Including age at study entry adjusted for increases in systemic inflammatory markers with age. Including statin use adjusted for its anti-inflammatory effects (28) .
An exploratory model added depressive symptoms from the Geriatric Depression Scale (GDS (29)) due to known relationships between RT and depressive symptoms (13) and between depressive symptoms and inflammation (30) (31) (32) . The GDS assesses depressive symptoms excluding somatic complaints commonly associated with aging. The GDS was administered at each wave and demonstrated good internal consistency at all waves (α = .69-.82). Because the other explanatory variables in the model were at Level 2 (people), the Level 2 mean across all waves was used.
IL-6
IL-6 was assayed from serum using high-sensitivity enzyme-linked immunosorbent assays (R&D Systems). Median interassay CV across the study period was 6.44 (range = 3.1-13.3) and median intra-assay CV was 2.17 (range = 1.4-3.7). IL-6 was log 10 transformed to improve normality. Raw IL-6 values for included data ranged from 0.53 to 92.65 pg/ml (median = 2.05 pg/ml across all waves). Twelve extreme values (>400 pg/ml) were dropped from analysis; study records suggested that these were due to acute infections. Taking the median quartiles (across waves) as the best characterization of the distribution, they were comparable with quartiles from a large sample of older adults selected as "high functioning" (5, p. 507): 25th percentile, 1.46 pg/ml in the comparison sample versus 1.33 pg/ml in the present sample; median, 2.08 pg/ml in the comparison sample versus 2.01 pg/ml in the present sample; and 75th percentile, 3.19 pg/ml in the comparison sample versus 3.07 pg/ml in the present sample.
Data Analysis
To account for the repeated assessment of IL-6 with different people having different numbers of assessments, data were analyzed using a multilevel model (SAS PROC MIXED) that used all available data. People were at Level 2 and IL-6 assessments at Level 1. Models included a random intercept to account for individual differences in IL-6 at the first assessment as well both a fixed and random effect of time (as semiannual wave number), centered around the first wave. The fixed effect of time accounts for higher likelihood of dropout among people with higher IL-6, that is, for data that were not missing completely at random. The random effect of time accounts for autoregressive relationships between IL-6 assessments. All predictors were at Level 2 and were centered around the sample mean for analysis. Fixed effects were estimated using maximum likelihood, with Kenward-Roger correction for estimation bias and degrees of freedom. α level was set at .05 for all inferential tests. Fixed effects are reported as unstandardized γ weights, which can be interpreted in the same manner as unstandardized β weights in regression. IL-6 was standardized for analysis, so the fixed effects should be interpreted as the SD difference in IL-6 associated with a 1-unit difference in the predictor. Akaike information criterion (AIC) is reported for each model; the AIC provides an index of fit that takes model parsimony into account. Note that AIC provided by SAS accounts for the number of random but not fixed effects in the model. Therefore, twice the number of fixed effects was added to the reported AIC. Mediation was tested using the Rmediation program (33) (https://amplab.shinyapps. io/MEDCI/), which provided an estimate of the indirect effect along with its 95% confidence interval. Simple slopes were estimated by recentering predictors at high and low values. Table 1 shows descriptive statistics and correlations among model predictors. There were statistically significant relationships among the covariates; for example, higher BMI was associated with younger chronological age and higher likelihood of statin use. However, although IQ tended to be related to lower BMI and older age, these relationships were not statistically significant. As previously reported in the full sample (13), IQ was unrelated to RT valence ( p = .50) but related to more solving purpose ( p = .005) and more total ( p = .038). The sample as a whole had higher than average IQ, in the context of a relatively large range (84-127) and interquartile range (108-119). Therefore, the findings should be interpreted as effects of IQ in the range from average to above average.
RESULTS
The first hypothesis, that higher IQ would predict lower IL-6, was supported. Table 2 shows the results of the models. In Model 1, which included only IQ, each 15-point difference in IQ was associated with 0.21 SDs lower IL-6. However, this difference was not statistically significant ( p = .092). In Model 2, however, there was evidence that covariates accounted for "error" variance in the model, as the γ for IQ was slightly larger (−0.23) and statistically significant ( p = .045).
Models 3 and 4 show the intervening or mediating role of RT. In Model 3, which included RT dimensions and covariates, the only RT dimension that was significantly associated with IL-6 was RT total ( p = .001). Each 1 SD increase in total RT was associated with 0.20 SDs lower IL-6. Exploratory models also tested the two-way interactions among RT dimensions, but none were statistically significant (all p > .32). The three-way interaction approached statistical significance ( p = .066) with positive solving in the context of a high total having the lowest predicted IL-6 and negative searching in the context of a low total having the highest. See Supplemental Digital Content 1 (http://links.lww.com/ PSYMED/A392) for details of this interaction. When IQ and RT dimensions were entered together in Model 4, the effect of IQ decreased from −.23 to −.14 and was no longer statistically significant ( p = .21). In addition, the indirect path from IQ to total RT to IL-6 was statistically significant (−0.059, SE = 0.037, 95% CI = −0.143 to −0.002). Therefore, the hypothesis that total RT would mediate between IQ and IL-6 was supported. The mediational model indicated that people with higher IQ engaged in more RT, which accounted for part of their lower IL-6. However, it is possible that some RT process (not captured by valence and purpose) differs between people with different IQs, and therefore, more total RT might not have equal effects across the range of IQs. Therefore, a final model was fit that tested the interactions between RT dimensions and IQ. There was a statistically significant interaction between IQ and total RT (F(1,119) = 6.97, p = .009); the other RT dimensions did not interact with IQ (valence, p = .79; purpose, p = .69). Figure 1 illustrates the interaction between total RT and IQ. At 10 IQ points below the sample mean (IQ = 103), more RT total was significantly related to lower IL-6 (slope γ = −0.081, SE = 0.021, p < .001); at 10 IQ points above the sample mean (IQ = 123), this effect was not present (slope γ = 0.00, SE = 0.018, p > .99). Therefore, the hypothesis that IQ would interact with RT was supported, but in an unexpected direction. Among people with above-average IQ, IL-6 was lower regardless of their total RT. Among people with average IQ, IL-6 was lower for those who engaged in more total RT.
Exploratory Analyses
Additional analyses explored quadratic relationships between the RT dimensions and IL-6 by adding the squared, centered dimension scores to the models. There was a statistically significant quadratic effect of total RT (F(1,123) = 10.32, p = .002), where the negative slope for total RT was steeper at lower levels (γ = 0.0050, SE = 0.0015). However, adding quadratic effects to the mediational model did not further reduce the IQ γ, indicating no additional mediation above and beyond the linear effect; furthermore, the quadratic effect was not moderated by IQ (F(1,134) = 0.44, p = .51).
The effect of adding average depressive symptoms across the study period (i.e., the Level 2 effect of depressive symptoms) is Higher valence is more positive and less negative; higher purpose is more solving and less searching. shown in Model 5 of Table 2 . More depressive symptoms tended to associate with higher IL-6 (p = 0.114), but other effects in the model were substantively unchanged and the statistically significant effect of total RT increased slightly. Finally, interactions between IQ, RT, and aging (i.e., change over the study period) or baseline age were tested to explore whether the effects of IQ and RT were dynamic over the study period and/or stronger at young-old or old-old age. Interactions with aging or baseline age were added to the models shown in Table 2 , Models 2 and 3. There were no statistically significant interactions with aging ( p = .068-.65). A nearly statistically significant negative interaction term between aging and RT total (γ = −0.009, SE = 0.005, p = .068) indicated that higher RT total tended to be associated with even lower IL-6 at later study waves. There were also no statistically significant interactions with baseline age ( p = .21-.82). Therefore, there was no evidence to reject the null hypothesis that the effects of IQ and RT hold equally across participant ages and across the study period.
DISCUSSION
In this sample of healthy, community-dwelling older adults, individuals with higher IQ had lower levels of IL-6, a proinflammatory cytokine that is associated with health risk in older adults. A large study also found that executive cognitive functioning and processing speed were associated with lower IL-6 in older adults (8) . However, in that study, it was not possible to determine whether cognitive function predicted lower IL-6, lower IL-6 preserved cognitive function, or some combination thereof. In contrast, in the present study, a "premorbid" estimate of cognitive function prospectively predicted IL-6 levels, indicating that cognitive function may protect against "inflammaging" (34). Furthermore, this effect was not due to BMI, chronological age, or statin use. It was detected in the average to above-average range of IQ and in a demographically homogeneous sample. Although these restrictions of range also restrict generalizability, they also demonstrate that the effect is not due to demographic confounds or specifically to low IQ.
In the present sample, IQ was not correlated with current family income (r = .08, p = .049) and modestly correlated with highest education (r = .29, p = .005). Current income among older adults can be a poor index of socioeconomic status because retirees may be relying more on assets than income; furthermore, education can also be a poor index in older cohorts due to sex differences in education (i.e., women from older cohorts were less likely to pursue higher education than men from those cohorts). Perhaps for these reasons, adding income and education to Model 2 did not substantially affect the size of the effect of IQ (γ = −.21, p = .049). However, the complex relationships between socioeconomic status and IQ (35) suggest that their separate and joint effects on inflammation continue as a focus of investigation.
The relationship between IQ and IL-6 was partially mediated by total RT, the propensity to engage in RT of all sorts. Higher total RT has correlated with "negative" psychological states such as perceived stress and with "positive" psychological states such as perceived growth (13, 18) . People with higher IQ also engaged in more total RT, perhaps indicating that people with more cognitive resources are likely to use those resources to understand both positive and negative aspects of themselves and their worlds. Cognitive engagement with both positive and negative aspects, as well as engaging in both searching and solving, may reflect psychological flexibility and a larger "range of regulatory strategies" (36, 37) . Such flexibility could improve both psychological and physical health (38) .
More positive valence was associated with lower IL-6, but this relationship was much smaller than the relationship with total and was not statistically significant. In the exploratory analyses of interactions, there was some suggestion that more positive valence was associated with lower IL-6 in the presence of high solving purpose and high total or in the presence of high searching purpose and low total, but the simple main effects were not statistically significant (see Supplemental Digital Content 1, http://links.lww. com/PSYMED/A392). Another possibility is that more negative RT does not affect everyone to the same degree or in the same way. For example, in a daily diary study, there were large individual differences in the relationship between negative RT valence and daily depressive symptoms. For some people, more negative RT on a particular day was associated with an increase in depressive symptoms on that day, but for others, mood was hardly affected (39) . Likewise, neutrally valenced RT was associated with higher postvaccination IL-6 among caregivers but lower IL-6 among controls (40) . Identifying moderators of the relationship between RT valence and inflammation is an important direction for future research.
Although higher IQ predisposed people to higher total RT, people with average IQ had similar IL-6 to those with above-average IQ if they also had high total RT. The model indicated that the highest IL-6 was among people with average IQ who engaged in little RT. At least within the range of IQs represented in this study, more RT was beneficial. This finding, if replicated, suggests a potential target for intervention; although IQ is not modifiable, it may be possible to teach people to recruit RT to improve their health, for example, using techniques from cognitive therapy. Expressive writing may serve many of the same functions as high total RT and has been associated with better physiological functioning and health (41, 42) .
There are limitations to the present study, including the homogeneity and limited IQ range of the sample noted previously. These sample characteristics reduce confounding by demographic qualities but also limit generalizability. These findings should be replicated in more diverse samples both with regard to demographics and IQ. In addition, there were strengths and weaknesses related to the assessments. First, the use of a measure of "premorbid" IQ was a strength of the study because it suggested causal direction. However, IQ was estimated from a brief test rather than measured with a more intensive testing battery. Furthermore, the test reflected crystallized and verbal intelligence to a greater degree than fluid and performance intelligence. The latter declines more on average with age and is difficult to estimate retrospectively. Truly prospective studies will be required to test premorbid effects of fluid intelligence on inflammation in older age. Second, the comprehensive assessment of RT dimensions was a strength of the study insofar as the entire RT repertoire of each person was measured rather than one RT construct. Although these dimensions had good temporal stability, future research could use briefer means of measuring RT dimensions (39) to examine whether there is correlated change in RT and IL-6 that is potentially moderated by IQ. Third, inflammation was reflected in only one marker (IL-6). However, IL-6 is associated with health risk in older adults (5, (21) (22) (23) , and it was measured multiple times and prospectively, which is a desirable design when testing the effects of psychological traits (43) .
Previous research has established a relationship between higher IQ and lower inflammatory markers and mortality risk. The present study adds to the research that suggests a prospective effect of cognitive function on inflammation and health. It further suggests that one of the ways that cognitive function improves health is by increasing the degree to which people think broadly and perhaps flexibly about themselves and their world. Finally, by incorporating RT into the relationship between cognitive function and an inflammatory marker, the study identifies a potential target to intervene in the process of "inflammaging" in older adults.
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